Engineered derivatives of Autographs callfornlca multiple nucleocapsid nuclear polyhedrosis virus (AcMNPV) possessing a unique restriction site provide a source of viral DNA that can be linearized by digestion with a specific endonuclease. Circular or linearized DNA from two such viruses were compared in terms of their infectivity and recombinogenic activities. The linear forms were 15-to 150-fold less infectious than the corresponding circular forms, when transfected into Spodoptera fruglperda cells using the calcium phosphate method. Linear viral DNA was, however, proficient at recombination on co-transfectlon with an appropriate transfer vector. Up to 30% of the progeny viruses were recombinant, a 10-fold higher fraction of recombinants than was obtained from co-transfections with circular AcMNPV DNA. The isolation of a recombinant baculovirus expression vector from any of the AcMNPV transfer vectors currently In use can thus be facilitated by linearization of the viral DNA at the appropriate location.
INTRODUCTION
Baculovirus expression vectors derived from Autographa califomica multiple nucleocapsid nuclear polyhedrosis virus (AcMNPV) and Bombyx mori MNPV have been widely employed to produce high levels of accurately processed, and biologically active proteins (1 -5) . Due to the large size of the baculovirus genomes (about 130 kbp) (1, 3) and the frequency of restriction endonuclease sensitive sites, it is difficult to insert foreign genes into the viral DNA directly. The preferred route to obtain a recombinant virus is to clone an appropriate segment of the viral DNA into a bacterial plasmid to create a transfer vector (6) . The sequences in such transfer vectors are then manipulated to introduce a foreign gene under the control of a proficient viral promoter and produce a recombinant transfer vector. In this vector, the foreign DNA is flanked by baculovirus DNA sequences. DNA from the modified transfer vector is then introduced into insect cells together with infectious viral DNA. Inside the cells, homologous recombination occurs whereby a portion of the wild-type viral DNA is exchanged for the corresponding sequences in the transfer vector, generating a recombinant virus. Since the frequency of such recombination events is typically 0.1 to 1% (4, 7) , the identification of a recombinant virus against a background of parental viruses is often a very tedious step. In view of the increasing interest in the use of baculovirus expression vectors, we have sought ways to increase the percentage of recombinants among the progeny viruses.
In yeast and mammalian cells, DNA molecules containing double-strand breaks are highly recombinogenic (8, 9) and in these systems linearization of the incoming DNA is routinely used to promote recombination with homologous sequences in the chromosome (9, 10) . To our knowledge, however, the relative recombinogenicity of circular and linear forms of DNA in insect cells had not been studied. It is known that linear fragments of AcMNPV DNA can recombine with intact viral DNA when cotransfected into either Spodoptera frugiperda cells, as used to map mutations in AcMNPV by marker rescue (11, 12) , or Galleria mellonella larvae (13) . It has also been reported that the linear form of baculovirus DNA is not infectious (14) . Based on these reports, it seemed plausible that linearized baculovirus DNA might be recombinogenic but not infectious.
For these reasons, we reexamined the infectivity of linearized viral DNA and investigated the ability of the linear DNA to recombine with transfer vectors. In comparison to circular viral DNA, the linear form has a greatly reduced infectivity but yields a higher proportion of recombinant viruses from co-transfections with the appropriate transfer vectors. This finding can be exploited to facilitate the construction of baculovirus expression vectors. Figure 1 . Diagram of the AcMNPV DNA in the transfer vectors pAcRP6 and pAcRP6-SC. pAcRP6 is a transfer vector based on a derivative of the AcMNPV EcoRI-I fragment (15) in which polyhedrin sequences from -7 to +170 have been replaced by sequences from a BamHI linker (18) . (The numbering system is based on the sequence of the wild-type polyhedrin gene (36, 37) with the initiation codon representing nucleotides +1, +2, +3 and upstream nucleotides having negative number assignments). The locations of the polyhedrin transcription start site (T), the residual carboxy-tenrunus of polyhedrin and the upstream open reading frame (ORF 603; 38) are shown. pAcRP6-SC was derived from pAcRP6 by insertion of a BamHI-Bsu36I adaptor oligonucleotide into the BamHI site creating the sequence shown.
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influenza A/NT/60/68 (20) inserted into the BglH site of pAcUWl (16) such that neuraminidase is expressed from the plO promoter (A. Cartwright, personal communication).
Construction of AcRP6-SC
A synthetic BamHI-Bsu36I adaptor oligonucleotide (5'pGATCCCT[A,T]AGG3') was inserted into the unique BamHI site of pAcRP6 (18; Figure 1 ). The sequence of the insert in one of the resulting plasmids, pAcRP6-SC, was determined by the Maxam and Gilbert method (21) and is shown in Figure  1 . pAcRP6-SC plasmid DNA and infectious AcMNPV C6 DNA were co-transfected into 5. frugiperda cells and a polyhedrinnegative recombinant virus was isolated and plaque purified by standard procedures (22) . The resulting virus, AcRP6-SC (Single Cut), has the BamHI-Bsu36I-BamHI linker in place of part of the polyhedrin gene ( Figure 1 ).
Linearization of AcMNPV DNA
To prepare linear AcRP6-SC or AcUWl-focZ DNA, 1 ng of viral DNA was digested with 5 units of Bsu36I endonuclease (New England Biolabs) for 2 hr at 37 °C in 50 jil of the recommended buffer (10 mM Tris-HCl pH 7.5, 100 mM NaCl, 10 mM MgCl 2 , 10 mM /3-mercaptoethanol and 100 /ig/ml bovine serum albumin). The enzyme was inactivated by heating to 70°C for 15 min. and the digest stored at 4°C. Mock digested circular viral DNA was prepared by the same procedure except that Bsu36I endonuclease was omitted. Conversion of the DNA from the circular form to the linear form was monitored by electrophoresis of 20 ng of the digested DNAs on 0.3% agarose minigels (7.5 cm) in lxTBE (89 mM Tris, 89 mM borate, 2 mM Na 2 EDTA, pH 8.3) containing 0.5 /ig/ml ethidium bromide at 40 V for 3 hr. The location of Bsu36I cleavage was mapped by adding 0.5 unit of Bgin (Boehringer Mannheim) to 200 ng of either Bsu36I digested viral DNA or untreated DNA in 10 /A Bsu36I buffer, incubating at 37°C for 2 hr, and electrophoresing 170 ng of the digestion products on a 0.3% agarose gel at 5 V for 16hr.
For experiments comparing different treatments to the viral DNA, the digestion of AcRP6-SC DNA was scaled up 3.3-fold. After incubation with Bsu36I, two 54 /tl aliquots were removed, heated to 70°C for 15 min. and then stored at 4°C. 5' phosphate groups were removed from the ends of the linearized viral DNA in the remaining aliquot by addition of 1 unit of calf intestinal alkaline phosphatase (CIP; Boehringer Mannheim), incubation at 37°C for 1 hr and 70°C for 15 min before storage at 4°C.
A mock digested sample was prepared in parallel using the same protocol except that the Bsu36I and CIP were omitted. A 6-fold over-digested sample was prepared by digesting 1 ng of viral DNA with 15 units of Bsu36I for 2 hr at 37°C, adding another 15 units of enzyme and incubating for a further 2 hr before heat inactivation and storage.
Assay for the infectivity of AcRP6-SC DNA Mock digested circular AcRP6-SC DNA and viral DNA linearized by digestion with Bsu36I were prepared as described above. 50 /d of the digests, containing 1 /ig of viral DNA, were transfected into S. frugiperda cells using a modification of the calcium phosphate precipitation method (23) similar to that previously described (18) except that no plasmid DNA was added. After 2 days at 28°C, the cells and medium were harvested, the volume measured and the virus titrated using a standard plaque assay procedure (24) . After 4 or 5 days at 28°C, the plaques were stained with 100 /tg/ml Neutral Red for 2 hr and counted. The total yield of virus from 1 ng viral DNA was calculated from the virus titre and the volume of medium recovered from each transfection.
Assay for recombination between AcMNPV DNA and transfer vectors
At the polyhedrin locus Mock digested, or digested, or digested and dephosphorylated, or over-digested AcRP6-SC DNA were prepared as described above. 50 /d of each sample, containing 1 ng, of DNA, or 1 ng of untreated viral DNA made up to 50 yX in 10 mM Tris-HCl, pH 8.0, 0.1 mM N^EDTA, were mixed with 5 ng of caesium chloride purified pAcRP23-/acZ plasmid DNA and used to transfect 5. frugiperda cells as described above. Immediately before transfection, one aliquot of the digested DNA was heated to 70°C for 15 min. Viruses produced from the transfected cells were titrated as above except that the plaques were stained with 50 jig/ml Neutral Red and 250 /ig/ml X-gal (Sigma) at 28°C for 5 -10 hr. The liquid overlay was removed and the plates left at ambient temperature overnight before the blue and white plaques were counted. The number of blue plaques was used to derive the titre of recombinant viruses and the number of white plus blue plaques gave the total virus titre. These virus titres were converted to yields per fig of viral DNA after considering the volume of medium recovered from each transfection. The fraction of recombinant viruses was calculated by dividing the yield of blue plaques by the total yield.
At the plO locus
Using the same procedure, 5. frugiperda cells were co-transfected with 1 ng of mock digested circular AcUWl-ZacZ DNA or 1 ng of viral DNA linearized by digestion with Bsu36I and 5 ng of pAcUWl-NA DNA. Plaque assays were performed on the progeny viruses and the total virus titre determined by staining plaques with Neutral Red. The proportion of recombinant viruses in the progeny was determined as follows: the wells of 96-well microtitre plates were seeded with 1 X10 4 5. frugiperda cells in 0.2 ml TC100 plus 10% FCS and after overnight incubation at 28°C, each well was inoculated with an individual plaque picked at random from the co-transfection plaque assay. 80-100 plaques were picked from each co-transfection. After incubation at 28 C for 5 days, the medium was removed and the cells in each well were washed with 0.2 ml phosphate buffered saline (140 mM NaCl, 27 mM KC1, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , pH 7.3). Assays for neuraminidase activity were then performed using the method of Barrett and Inglis (25) but scaling down the volumes 10-fold. At the end of the incubation at 100°C, the colour of the test samples was compared to that of negative controls from uninfected wells. Samples that produced a pink colour indicative of neuraminidase activity were scored as derived from plaques containing a recombinant virus.
RESULTS

A derivative of AcMNPV containing a unique site for a restriction endonuclease
In order to study the infectivity and recombination potential of linear baculovirus DNA, we required a convenient source of linear viral DNA. Previous studies had used controlled shearing, partial digestion with Sl-nuclease, or heat treatment of polyhedra to generate linear baculovirus DNA (14, 26) . We rejected these methods due to the difficulty in limiting the damage to a single double-strand break. Instead, we constructed a derivative of AcMNPV with a unique site for a particular restriction endonuclease. By screening a battery of commercially available endonucleases using DNA isolated from AcMNPV C6, one enzyme, Bsu36I, was found that did not cut the viral DNA (DNA from the LI isolate of AcMNPV was also not cut by Bsu36I)(data not shown). A synthetic oligonucleotide containing the Bsu36I recognition site was inserted into the BamHI site of the transfer vector pAcRP6 (18) to generate the plasmid pAcRP6-SC ( Figure  1 ). Following recombination between pAcRP6-SC and AcMNPV C6 DNAs in vivo, a polyhedrin-negative virus was isolated in which the wild-type polyhedrin sequence was replaced by the modified sequences from pAcRP6-SC. This AcMNPV derivative contains a unique site for Bsu36I and was designated AcRP6-SC, for Single Cut. Incubation of the DNA extracted from AcRP6-SC virus particles with Bsu36I, converted the DNA into a faster migrating species (Figure 2a ). Subsequent restriction with BgJII revealed that treatment with Bsu36I had converted the 15 kbp Bgin C fragment of AcMNPV into two fragments of 9.2 kbp and 5.8 kbp (Figure 2b) ; the sizes of these fragments are those predicted for cleavage in the Bsu36I adaptor of AcRP6-SC which is located 5.83 kbp from the left hand end of the BgUI C fragment (22; S.C.Howard, personal communication). This demonstrated that the novel species observed in Figure 2a was indeed linear viral DNA. The AcMNPV derivative we have constructed, AcRP6-SC, thus provides a source of viral DNA which can be linearized at a unique site simply by incubation with an appropriate restriction endonuclease.
The infectivity of linear AcRP6-SC DNA Before undertaking a study of recombination, we determined the infectivity of linear viral DNA. Circular viral DNA from AcRP6-SC and viral DNA that had been linearized by restriction with Bsu36I were transfected into 5. frugiperda cells in parallel. After two days, the number of infectious virus particles produced by the transfected cells was determined. From the results of several experiments, it is apparent that linear DNA had approximately l/15th of the infectivity of circular DNA ( Table  1 ). The considerable variation between experiments was probably due to the difficulty in producing consistent calcium phosphate-DNA co-precipitates and to the variable shear damage suffered by the viral DNA during preparation of the precipitate. The relative infectivity of linearized DNA was even lower if the viral DNA was co-transfected with a five-fold excess of plasmid DNA; a. UMD b.
Cir.
Lin. assayed in this way, linear viral DNA had only about l/15Oth the infectivity of circular DNA (Table 2 , compare the total yields for no treatment and mock digested with that for digested DNA).
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Recombination between linear viral DNA and a plasmid transfer vector
To assay recombination between viral and plasmid DNAs we used a polyhedrin based transfer vector in which the lacZ gene from Escherichia coli was coupled to the polyhedrin promoter (pAcRP23-ZacZ; 19) . Viruses that acquire the lacL gene by recombination with this transfer vector produce plaques that contain /3-galactosidase. Such plaques stain blue when incubated with X-gal (27) and can easily be distinguished from plaques of the parental virus which remain white. Initial experiments showed that when linear AcRP6-SC DNA was co-transfected with pAcRP23-focZ DNA a higher fraction of the progeny viruses were recombinant than when the viral DNA was circular: for linear DNA the fraction of viruses that were recombinant ranged from 6% to 32% with a median of 19%, whereas for circular DNA this fraction ranged from 0.8% to 2.6% with a median of 2.0% (Table 2 , and data not shown). We then compared a number of variations on linearization in order to find which treatment yielded the highest fraction of recombinant viruses (Table 2) . Linearizing the viral DNA by cutting at the unique Bsu36I site increased the fraction of progeny viruses that were recombinant by about 10-fold. Neither dephosphorylation of the ends of the linear DNA (to prevent religation), nor heating of the DNA immediately prior to co-transfection (to ensure that the sticky-ends were not annealed), made a significant difference compared to simple linearization. However, a 6-fold overdigestion of the AcRP6-SC DNA did increase the fraction of recombinant viruses by another 2-fold. By comparing the virus yields, it is apparent that the increase in the proportion of recombinant viruses on linearization of the viral DNA was the result of a large reduction, approximately 150-fold, in the total yield of virus but a much smaller reduction, approximately 12-fold, in the yield of recombinant viruses.
The effect of introducing a double-strand break at different locations in the AcMNPV genome
Having shown that linearization of AcMNPV DNA in the polyhedrin region increased the proportion of viruses that had recombined with a polyhedrin based transfer vector, we wished to determine whether this effect was specific for the polyhedrin locus or whether the introduction of double-strand breaks at other locations in the AcMNPV genome would have a similar effect. We therefore examined recombination between AcMNPV DNA linearized at the plO locus and a plO based transfer vector. The source of viral DNA for these experiments was AcUWl-focZ, an AcMNPV derivative in which part of the plO gene is replaced by the E. coli lacL gene (16) . The lacL gene contains a recognition site for Bsu36I (28) therefore digestion with Bsu36I linearizes AcUWl-focZ viral DNA at the plO locus. The transfer vector we used in this study was pAcUWl-NA, a plO based vector into which the neuraminidase gene of influenza virus had been inserted so as to be expressed from the plO promoter (16; A.Cartwright, personal communication). Viruses that have recombined with this transfer vector can be distinguished from parental viruses using a simple colourimetric assay for neuraminidase activity (25) . In experiments using this combination of viral DNA and transfer vector, the fraction of recombinants amongst the progeny viruses from co-transfections with linear DNA was approximately 10-fold higher than the fraction obtained from co-transfections with the circular form ( Table 3) . Linearization of AcMNPV DNA at the p 10 locus thus produced a similar increase in the proportion of viruses that are recombinant to that resulting from linearization at the polyhedrin locus.
In these experiments, we could evaluate the contribution of undigested viral DNA to the non-recombinant background because the parental virus produces plaques which stain blue with X-gal. As expected, more than 95% of the progeny of cotransfections with circular viral DNA produced blue plaques, however, only about 20% of the viruses produced from cotransfections with linear viral DNA made blue plaques (data not shown). Thus, for co-transfections with linear DNA about 20% of the progeny viruses were recombinant, another 20% were parental and the remaining 60% were non-recombinant but no longer expressed a functional /3-galactosidase. At most, therefore, undigested viral DNA only accounted for about 1 /4 of the nonrecombinant viruses produced in these experiments.
DISCUSSION
By constructing an AcMNPV derivative possessing a unique restriction site, we have been able to compare the infectivity and recombinogenic activity of circular and linear forms of the viral DNA. Linearized AcMNPV DNA was only l/15th as infectious as the circular form when transfected into S. frugiperda cells using the calcium phosphate precipitation method (Table 1 ). In the presence of a 5-fold excess of plasmid DNA, the relative infectivity of linear DNA fell to approximately l/150th that of circular DNA (Table 2 ). This reduced infectivity of linear AcMNPV DNA in Spodoptera cells parallels the reduction in transformation of E. coli by linearized plasmid DNAs (29). + AcRP6-SC DNA was co-transfected with pAcRP23-tocZ and after 2 days the progeny viruses were titred. Plaques that stained blue with X-gal were scored as recombinant; median of 3 experiments. * yield of blue plaques+total yield; median and range of 3 experiments, •average or range from 2 experiments. 
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+ AcUWl-facZ DNA was co-transfected with pAcUWl-NA and after 2 days the progeny viruses were titred; average of 2 experiments. * plaques were scored as recombinant if they produced a pink colour in the neuraminidase assay; average of 2 experiments.
In a previous study, Kelly and Wang reported that linear DNA from Trichoplusia ni MNPV was not infectious (14) . The difference between their findings and those reported here is likely to be due to the different methods used to prepare the linear viral DNA. Digestion of the viral DNA from an AcMNPV derivative possessing a unique restriction endonuclease site introduces one double-strand break into an otherwise intact molecule. Furthermore, breaks were introduced into regions of the viral genome which are known to be nonessential for growth of the virus in cell culture (23, 30, 31) , therefore, even imprecise repair at these sites could yield a viable virus. In contrast, Bud and Kelly (26) and Kelly and Wang (14) employed crude methods to linearize viral DNA, i.e. controlled shearing, digestion with Sl-nuclease or heat treatment of polyhedra. The infectivity of the linear DNA produced by these methods may have been reduced because the location of the break was not controlled and because the DNA may have suffered more damage than just one double-strand break.
Even though linear AcMNPV DNA was much less infectious in 5. frugiperda cells than the circular form, it was still able to recombine with an appropriate plasmid after co-transfection. The low infectivity of linear viral DNA resulted in a great reduction in the background of non-recombinant viruses produced from a co-transfection, however, only a relatively small reduction in the yield of recombinant viruses was observed. Consequently, a high proportion of the progeny viruses, typically 10% to 25%, were recombinant. This represented a 10-fold higher fraction of recombinants than was obtained with circular DNA. A similar effect was seen for recombination with either a polyhedrin-based or a plO-based transfer vector if the AcMNPV DNA was linearized at the corresponding locus. The high proportion of recombinants following transfection of 5. frugiperda cells with linear viral DNA was due to a reduction in the background of parental viruses rather than to an increase in the absolute number of recombinants obtained. This contrasts to the observation that linear DNA molecules are more recombinogenic than circular DNAs when transformed into yeast or mammalian cells (8, 9) .
One possible explanation for the low infectivity of linear AcMNPV DNA is that only circular viral DNA can function as a substrate for replication. We favour this hypothesis because it seems unlikely that a virus whose native DNA is circular would encode the specialised machinery necessary to replicate linear DNA. In addition, this hypothesis can explain the high proportion of recombinant viruses obtained with linear viral DNA. Recombination between the viral sequences on either side of a double-strand break with homologous sequences on a transfer vector will restore the circularity of the viral DNA thereby enabling it to replicate (Figure 3) . If a fragment of foreign DNA has been inserted between the homologous sequences on the transfer vector, then the recombination events that rescue the linear viral DNA will transfer the insert to the viral genome ( Figure 3 ). This model predicts that an increase in the proportion of viruses that are recombinant should be observed for linearization at any locus on the baculovirus genome provided that the transfer vector carries viral DNA homologous to sequences on both sides of the break. We have shown such an increase for linearization at two different loci, polyhedrin and plO, although we have not tested the homology dependence of this effect.
Assuming that linear viral DNA is not able to replicate, the background of non-recombinant plaques in co-transfections with linear viral DNA and the residual infectivity of linearized DNA could come from two sources: (i) input viral DNA that had not suffered a double-strand break, and (ii) recircularization of linear viral DNA by processes other than recombination with homologous sequences on a transfer vector, e.g. ligation of the ends or illegitimate recombination between viral sequences on either side of the break. For co-transfections involving linear AcUWl-iacZ DNA, undigested viral DNA accounted for less than 1/4 of the non-recombinant progeny viruses; the majority of non-recombinant viruses no longer expressed functional /3-galactosidase and appear to have been generated by processes that result in the disruption of DNA sequences around the doublestrand break. Insect cells may thus process linear DNA in a similar manner to rnamrnalian cells in which end-joining reactions are known to be very efficient but frequently imprecise (32) .
One of the most laborious step in the construction of baculovirus expression vectors is the identification of a virus that has incorporated foreign DNA by recombining with a transfer vector. Our finding that linearization of the baculovirus DNA increases the proportion of viruses that have recombined with a transfer vector by about 10-fold should greatly facilitate the screening process. Linearization of the viral DNA at either the polyhedrin or plO loci, as appropriate, could be used in conjunction with any of the AcMNPV transfer vectors currently in use to reduce the number of plaques that need to be screened by about 10-fold. Recently, several transfer vectors have been developed which facilitate the identification of recombinant viruses by placing a reporter gene adjacent to the foreign gene (16, (33) (34) (35) . However, the use of linearized viral DNA to derive a recombinant virus has several advantages over the use of these vectors: (i) the size of the transfer vector can be kept to a minimum because no reporter gene is required, (ii) there will not be any competition between the gene of interest and the reporter gene for transcription or translation machinery, and (iii) there will not be any unwanted reporter protein to complicate purification of the desired product.
Although our experiments are limited to AcMNPV, we expect that linearization of the viral DNA from other baculoviruses, e.g. Bombyx mori MNPV and Heliothis zea SNPV, would facilitate the isolation of derivatives of these viruses that had acquired modified sequences through recombination with the cognate transfer vector.
